caseload centres it is mainly appreciated in anatomical variants and reoperations. While the Doppler probe is a valuable and easily affordable gadget to avoid vascular arterial injury, intraoperative ultrasound imaging of tumour extension has a much poorer resolution than magnetic resonance imaging and is thus not widely implemented. The clinical value of intraoperative growth hormone measurements is controversially discussed. In summary, the application of modern technology has only led to a minor improvement of results, but it has widened the spectrum of accessible pathologies and increased the safety of the procedures for the patient. It is expected that outcomes will continue to improve as novel techniques and concepts are being developed.
Introduction
For the majority of patients with acromegaly, the primary therapy to date consists of surgery [1, 2] . The operative techniques used have undergone an evolution of more than 100 years. After resection of the growth hormone (GH)-secreting tumour tissue, many patients achieve biochemical remission, even when the most recent, stringent criteria are applied [3] . Several studies have shown that a normalisation of GH levels decreases mortality [4] [5] [6] [7] . Therefore, aggressive surgical manage-ment to lower serum GH levels is necessary once the diagnosis is confirmed, which aims at the utmost possible tumour extraction. The goals of surgical therapy in acromegaly include the normalisation of GH and insulin-like growth factor (IGF)-1 secretions, preservation of normal pituitary function and elimination of the mass effect of the tumour.
Over time, the definition of disease remission in acromegaly has changed dramatically [3, 8] . International consensus conferences formulated modern definitions of cure. Despite the current criteria for remission [3] , most large surgical series still use the remission criteria defined at the Cortina Consensus Conference [8] . Usually, the endocrinological evaluation which helps decide on whether the disease is remitting or persistent is performed 2-3 months after the operation. However, the surgical results, as measured by a normalisation of IGF-1 levels, total tumour resection and the avoidance of complications, are also dependent on the experience of the individual neurosurgeon and the caseload of the surgical centre [9, 10] .
Worldwide, the vast majority of patients undergo transsphenoidal surgery, while transcranial approaches are only required in a few patients with tumour masses predominantly outside the sella turcica [9] . The operations are largely standardised, efficient and safe [11, 12] . Moreover, surgery is also a relatively cheap treatment and frequently leads to permanent remission. Many patients require additional medical therapies or irradiation postoperatively [13] [14] [15] . New technical possibilities have allowed novel surgical techniques and strategies or variants of established procedures [9] . This paper comments on technical advances which have been introduced and investigated since transsphenoidal microsurgery was established as the operative treatment of choice for pituitary adenomas causing acromegaly.
Endoscopy
Based on the pivotal series of Jho and Carrau [16] , endoscopic transsphenoidal surgery has evolved considerably in the past 20 years. The principle of endoscopy is that the lens, which represents the eye of the surgeon, and a powerful source of light are advanced into the sphenoid sinus or even into the tumour cavity. A much more panoramic view results from this approach in comparison to transsphenoidal microsurgery ( fig. 1 ) . Moreover, one of the major restrictions of microsurgery, namely the dependency on a straight line of sight, is eliminated. Variously angled endoscopes allow the direct visualisation of structures clearly outside the limitations set by the blades of the speculum, which is needed in the microsurgical approach. Initially, endoscopes were applied additionally during transsphenoidal microsurgery whenever it was deemed that their use might yield extra information [17] . More recently, they have become the more 'fashionable' visualisation tool for transsphenoidal surgery, and a current survey suggests that the majority of centres involved prefer endoscopy over microsurgery. However, the findings of such studies strictly depend on the centres selected, and a bias can easily result. The advantages of the use of an endoscope are the avoidance of a nasal speculum and of mucosal dissections as well as increased lateral, anterior and posterior visualisation even outside the straight line of sight. The need for postoperative nasal tamponades is generally avoided, and therefore a better subjective perception of surgery by patients because of free nasal ventilation is reported [18] . There are no more sublabial or nasal mucosal incisions. Instead, the instruments are advanced through one or both nasal cavities, and similar to a modified microsurgical approach [5] , sphenoidotomy is performed. In many centres two surgeons cooperate. One of them traces the tumour by focusing the endoscope on the region of interest; the other manipulates the surgical instruments and aspirators.
It seems that everything that can be done under the visualisation of the operating microscope can also be achieved with the support of the microscope. The techniques used for tumour exposure, dissection, resection and skull base reconstruction are virtually identical to the microsurgical operative manipulations. To date, the results with pure endoscopic surgery in patients with acromegaly ( table 1 ) in terms of normalisation of GH oversecretion [19, 20] have been excellent and absolutely com- parable to those achieved in series at centres where traditional microsurgery has been used [10, 15] , but they have not been superior [21, 22] . Many tumours, particularly microadenomas, are localised close to the midline and can be visualised excellently and entirely with the operating microscope. Direct comparisons at individual centres also produced similar results [20, 23] . It seems that the outcome of transsphenoidal surgery is dependent on the size and growth pattern of the tumour as well as on surgical experience rather than on the visualisation tool utilised for tumour extraction. At centres which switch from microsurgery to endoscopy, the learning curve that accompanies the collection of experience should not be neglected, but instead fully appreciated [24] .
In an excellent attempt to validate the current place of endoscopic transsphenoidal surgery, Mortini [21] finds that in most series reported the operation times are longer, the manpower needed is greater, and the complication rates are higher, and there is more tissue destruction in endoscopic transsphenoidal surgery. One might be tempted to increase the risk of the operation occasionally, which could lead to avoidable morbidity. Biological factors determined by the tumour, such as encasement of the carotid artery, are definitely not resolved with endoscopic procedures; reports that might suggest this should be regarded as erroneous. Nevertheless, the endoscope is a valuable visualisation tool for transsphenoidal surgery that is absolutely comparable to the operating microscope. It offers advantages and disadvantages and could be a valuable asset in combination [17] . The wide angle of view allows an 'extended' transsphenoidal approach to parasellar lesions, which largely represent the classic contraindications to transsphenoidal surgery [5, 18] . The results and complication rates assessed in expert centres and countrywide surveys show comparable figures.
Intraoperative Magnetic Resonance Imaging
An intraoperative estimation of the extent of tumour resection is generally made by the surgeons and depends on their ability to differentiate tissues and the complexity of the individual anatomy. Since, due to its superior soft tissue contrast, magnetic resonance imaging (MRI) most favourably depicts intracranial lesions, already in 1994 the first intraoperative system was introduced into clinical practice to determine the amount of brain tumour resection [25] . Since then many different intraoperative MRI systems have been installed throughout the world. Their main differences lie in the strength of the magnet, which directly determines the scanning time and image quality, as well as in the constructional setup that is needed. Due to the high cost of an MR scanner, the required shielding of the imaging room and restricted space, some neurosurgical centres prefer a 'twin room concept', where the MR scanner used for routine diagnostic imaging is shifted for intraoperative use into an operating theatre which is placed next door. In 'one-room' concepts, a dedicated MR scanner is located in the operating theatre. The patient is placed on a rotating or shifting operating table to be taken into the scanner [26] .
Early intraoperative MR scanners did not exceed a magnetic field strength of 0.5 T. By now some centres have already installed a 3-tesla scanner in their operating theatre. An intraoperative MR scanner up to 0.5 T is called a 'low-field' system, whereas scanners using 1.5 T and more are categorised into the group of 'high-field' systems. Their main advantage is comparability with standard pre-and postoperative imaging with a high image quality ( fig. 2 ). In general, low-field MR scanners are able to detect suprasellar tumour remnants of 3-4 mm that are hidden from the surgeon's eye in folds of the descending sellar diaphragm [27] ( table 2 ) . Unfortunately, low-field MR scanners have a poor resolution in the region of the cavernous sinus [28] . High-field MR systems are clearly superior in the depiction of the parasellar space [29] .
In general, a minimum of two imaging procedures are applied during an operation: imaging prior to resection and at the end of resection, when the surgeon feels that he has achieved the best possible tumour excision. If a residual tumour is depicted and resected, a further MR scan may demonstrate the improved radicalness of the resection [30] . Thus, intraoperative MRI increases the duration of general anaesthesia depending on the amount of images taken and the cost of the surgical procedure.
The authors currently use a data set of coronal and sagittal T2-weighted turbo spin-echo (TSE) images before and after resection for transsphenoidal surgery. They are accurate and rapidly acquired images which identify crucial anatomical landmarks and critical structures, and they excellently depict cystic components and allow differentiating residual tumours from haematomas within the resection cavity. Their acquisition takes approximately 15 min. If one includes sterile draping of the head coil and moving the patient, the additional time of general anaesthesia is approximately 40 min per surgery. The visualisation of residual tumours unfortunately cannot be equated with the possibility of resecting them, and this is the major limitation of the system. However, when a residual tumour is suspected, the area can be checked again during the same operative procedure.
Several studies of low-and high-field intraoperative systems and their use in pituitary surgery have been published, and they show considerable advantages in terms of completed total resections and the amount of adenomatous tissue removed. Unfortunately, up to now only two series of acromegalic patients have been reported [27, 31] .
In the series of Bellut et al. [31] , by using a low-field system, complete resection was achieved in 38 out of 39 patients, based on intraoperative imaging. The limitations of the low-field scanners were obvious when the intraoperative images were compared to standard postoperative images 3 months after the surgery [26] : the rate of complete resection dropped from 38 to 31 patients when the standard MR images were critically analysed. Despite complete morphological tumour resection in 31 patients, overall endocrinological remission was only achieved in 26 patients (66.7%) when the most current criteria were applied [3] . Of those patients with intraoperatively detected residual tumour, which could be completely resected as well (n = 7), only 2 achieved biochemical remission.
Fahlbusch et al. [27] published a series of 23 selected patients with acromegaly in whom complete resection of the adenoma was assessed by intraoperative high-field MRI. They were able to increase the complete morphological adenoma resection rate from 56 to 77%. However, remission of GH and IGF-1 secretion was only achieved in 44% of those 18 patients in whom the tumour was completely resected. Intraoperative MRI offers immediate feedback to the surgeon and is a perfect quality control for pituitary surgery. High-field systems provide a higher resolution of images within a shorter data acquisition time, but they require enormous investments. Experience in acromegalic patients is limited. Despite the most sophisticated intraoperative MRI visualisation, there are limits of resectability set by a tumour's quality, localisation and extension [26] .
Neuronavigation
During a transsphenoidal operation, the surgeon obtains orientation by observing anatomical landmarks. However, the more minimally invasive the procedure becomes, the more reduced the overview provided. Thus, neuronavigation is increasingly used intraoperatively for the localisation of anatomical structures throughout cranial and spinal neurosurgery [32, 33] . When he popularised transsphenoidal surgery, Hardy [34] introduced an image intensifier together with the operating microscope. Radiofluoroscopic control allowed for an increased confidence of the operator, since he could visualise radiopaque metal instruments projected against the skull base, which definitely made transsphenoidal surgery safer. Use of the image intensifier is still popular as a navigational aid worldwide [9] .
However, there is no direct depiction of the tumour. Moreover, protective measures have to be taken, since the patient and all staff working in the operating theatre are exposed to the radiation. The information contained in the data sets provided by computerised tomography (CT) and particularly MRI can be used to enhance the surgeon's information with regard to the tumour's extent and anatomical neighbourhood, provided that they can be referenced to the operative field. Fiducials are markers [35] . It thus allows distinguishing perfectly between skull base structures and air in the paranasal cavities. The strength of MRI lies in its high soft tissue contrast which delineates a pituitary adenoma from the cavernous sinus and intracranial nervous structures such as the optic chiasm. Neuronavigation systems transfer information from the virtual reality of imaging data to the real world of the operative field and allow the surgeon to expect 'invisible' structures, since he can use the special anatomical location of their real position in the 3D world of an image ( fig. 3 ). General use of navigation systems in operations of pituitary adenomas has been proposed by some authors, but this might actually not be necessary in centres with a high patient load [9] ; it is certainly appreciated and undisputedly useful in every situation in which the anatomical relationships are more complex than normal ( table 3 ) [36, 37] . There are pointer-based systems which show the location of the pointer tip in a 3D CT or MRI model of the patient's head. The most sophisticated neuronavigation technology allows for a superposition of structures considered crucial for the performance of the operative procedure onto the operative field. The segmented course of the carotid artery and confines of a tumour are mostly used in this context. The contours can be switched on and off as needed. At all times, users of navigation systems have to be aware that what they see is the preoperative situation, i.e. when the data were generated. However, since in strict contrast to the ventricular system there is little brain shift to be expected at the level of the skull base, the assumed distances and locations can generally be trusted.
The respective studies describe the usefulness of navigation systems for all types of pituitary adenomas, but they do not focus on acromegaly [36, 38] . We did not find any data in the medical literature that could be used to determine whether the efficacy of navigation-guided procedures is increased in acromegaly; currently, not even the assumption that complications can be avoided is based on evidence. This might be due to the small patient series, the lack of long-term outcome data and the fact that in experienced hands complication rates are low anyway [9, 10] . The technology is equally useful for transsphenoidal microsurgery and endoscopic pituitary surgery [36, 37] . With the advantages of neuronavigation, the spectrum of operable lesions has been widened. Neurosurgeons dare to approach lesions which they did not dare to touch in the past via the transsphenoidal route. For instance, it was simply unthinkable to operate upon such complex lesions as was done on a GH-secreting pituitary adenoma in a patient suffering from McCune-Albright syndrome and a huge concomitant fibroblastic skull base lesion into which the tumour was embedded [39] . With the advent of neuronavigation, however, the possibility of a surgical approach has been documented for several patients to date, with minimal morbidity.
Ultrasound and Doppler Systems
Since the equipment is relatively cheap, for a considerable time intraoperative ultrasound has been assessed for the intraoperative imaging of tumour extent and configuration. Ram et al. [40] mainly tried to localise intrasellar microadenomas in Cushing's disease, but they also assessed the size and extension of 3 GH-secreting pituitary macroadenomas. They could see the tumours mostly as hyperechoic masses and described that in macroadenomas the application of ultrasound unrestrictedly allowed visualising the interface between the tumour and the normal pituitary gland. The major disadvantage is that the results are highly dependent on the skills of the investigator. The inconsistency of depiction and the relatively low resolution prevented more widespread use.
In contrast, what is certainly very helpful is the application of the Doppler probe to localise the carotid artery, which frequently is very close to the lateral tumour margins and sometimes even kinks into the sellar space. Lesions of the carotid artery with brisk arterial bleedingwhich is extremely difficult to control and presents a possibly life-threatening situation -are one of the nightmares of the transsphenoidal surgeon. Dusick et al. [41] describe the use of a Doppler probe to locate the carotid artery through the dura and prevent a lesion of the carotid artery by detaching the structures with a blade hook. The Doppler probe is used ubiquitously in aneurysm surgery to ascertain the patency of parent vessels and to document the complete occlusion of a vascular malformation. There are no specific reports on the usefulness of this technique in acromegalic patients, but it is certainly to be generally recommended, since it is not associated with major costs, is readily available and increases the safety of the procedure. Although there is a lack of objective outcome literature demonstrating its distinct benefits, there is no doubt that the microvascular Doppler system has clearly helped to lower the incidence of carotid artery injuries. Figure 4 shows the application of the system in a tumour with total arterial encasement.
Intraoperative GH Measurements
Various groups have assessed the value of intraoperative GH measurements in improving the outcome of surgery for acromegaly. The underlying pathophysiological concept is easy to understand with a complete tumour excision: with resection of all secreting tissue, the source of the GH secretion is completely eliminated. Thus, GH should be eliminated from the circulation according to its half-life -which, roughly estimated, lies between 20 and 30 min. In a successful operation in which GH is determined intra-and perioperatively, it drops to subnormal levels within 10 half-life periods. Theoretically, the lack of an adequate decrease in GH could be used to identify residual tumour. However, only Abe and Lüdecke [42] reported on a dramatic improvement of their results from intraoperative measurements in patients with acromegaly treated by transsphenoidal surgery. Other authors are more critical in respect to this technique. Valdemarsson et al. [43] compared the GH half-life data to corresponding results obtained from GH measurements between 60 and 100 min after adenomectomy and commented that intraoperative GH half-life measurements should be interpreted with caution. Valdemarsson et al. [44] found differing half-lives between those patients who went into remission after surgery and those who did not remit. Moreover, in several of their patients, they could not calculate half-lives at all. They measured GH with a sensitive and rapid assay by which the results could be reported within 40 min. However, they commented that the results obtained were not used in their study for perioperative decisions. Otani et al. [45] dicating total tumour removal, only the level of serum GH 20 min after the end of tumour excision was significantly different between those patients who remitted according to the Cortina Consensus Criteria [8] and those in which the disease persisted after surgery. There are some technical and organisational problems with intraoperative GH measurements. Intraoperative blood sampling and determination of GH levels requires mathematical models in which the intraoperative decrease can be used to predict the extent of resection. In summary, the technique is time-consuming and requires laboratory facilities for rapid intraoperative GH assessments, which is why it has failed to find its way into routine practice and surgery [46] .
Conclusions
A few novel technologies and procedures have been introduced for the surgical treatment of acromegaly. To date, the most important ones have been the use of endoscopy and intraoperative MRI in transsphenoidal surgery. With both of these methods residual tumours can be visualised and the rate of gross total resections increased. By neuronavigation and the use of the Doppler probe to localise the carotid artery, severe complications can be avoided. The value of intraoperative GH measurements in acromegaly has until now not been convincingly shown.
For further reading on acromegaly in this issue, see [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] .
